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The glass transition temperature Tg of 100 kinds of glassy alloys can be expressed as a function of
their valence electron concentration VEC: Tg=131VEC+57 for metal/metal bonding type and
Tg=−236VEC+2375 for metal/metalloid bonding one. The electron valences of the constituent
elements of the glassy alloys are somewhat larger than those predicted by crystalline metallic
valence bond theory, suggesting a valence electron contribution associated with spd or spf
hybridization for glass formation. Ab initio molecular orbital calculations of the optimized structures
for Mg monoanion clusters warranted application of the valence electron rule. © 2007 American
Institute of Physics. DOI: 10.1063/1.2472565
The concept of “valence electron” has been derived by
Pauling for elements as they are bonded in the crystalline
metallic state.1 However, the valence electron theory for in-
termetallic compounds has not been as fully developed dur-
ing the past century as for other compounds such as organic
and inorganic ones, because of their undefined composition.2
Only the Hume-Rothery interpretation of the valence elec-
tron concentration rule for intermetallic compounds has been
vigorously investigated.3 The valence electrons are defined
as outer freely moving s and p or d electrons that are not
bound to any particular cations. The decrease in both the
potential and the kinetic energies of the valence electrons
due to the unsynchronized resonance of electron-pair bonds
is responsible for the crystalline metallic bonding. Therefore,
the resonance energy of the metallic orbital is very sensitive
to the form of the cyclic potential energy, associated with the
crystal system.
On the other hand, glassy alloys are the last frontier of
metals and metallic alloys. Much attention has been devoted
to the glass forming ability of atoms of different types in
glassy alloys,4 i.e., their cluster structures5 and potential ap-
plications. The distinguishing feature of glassy alloys with-
out crystal structure is the randomness of their potential
energy.4 The potential energy minimum among atoms in the
multicomponent metallic glass is not as rigid as that of crys-
tal alloys, so that the wave functions of these electrons are
irregularly spread out much more in space than those of the
crystalline metallic valence electrons. Therefore, we cannot
expect the unsynchronized resonance effect by the cyclic po-
tential energy to the formation of the glassy phases. Further-
more, the glassy alloys have two bonding types, metal/metal
and metal/metalloid,6 and the atomic configurations of the
glassy alloys differ among the metal-metal- and metal-
metalloid-type alloys. The glassy structure of the former is
composed of icosahedral clusters, while the structural feature
of the alloy of the latter is the construction of a network
atomic configuration consisting of trigonal prisms7 and trans-
formed tetragonal dodecahedrons.5
Our interest lies in studying thermal stability of glassy
alloys as the function of their valence electron concentration
VEC in terms of amorphous metallic bonding, using 100
kinds of the glassy alloys. We consider that the electron con-
tribution provides useful information for interpretation of
bonding mechanism of the glassy alloys. Indeed, the elec-
tronic structure of Pd-based bulk glassy alloys has been ex-
amined by x-ray photoelectron spectroscopy.8 The relation-
ship between stability and electronic structure for Zr-based
ternary glassy alloys has been investigated by band calcula-
tion using the Linearized Muffin-Tin Orbital-Atomic Sphere
Approximation LMTO-ASA method.9 As far as we know,
however, no research work has been carried out previously
on the statistic valence electron contribution to the thermal
stability of all glassy alloys.
In general, the thermal stability of metallic alloys
can be evaluated by adjustment of the height of the
Fermi level to the VEC proposed by Bilz.10 The VEC
in the glassy alloys IIA , IIIB , IVC ,VD ,VIE ,VIIF ,VIIIG
and IIA , IIIB , IVC ,VD ,VIE ,VIIF ,VIIIG Mxw M
=B,C,Si,P ,Ge,Sn,Sb,Bi, respectively, of group II to VIII
elements has been defined as follows:11,12
VEC = IIA + IIIB + IVC + VD + VIE + VIIF
+ VIIIG for metal/metal type, 1
VEC = IIA + IIIB + IVC + VD + VIE + VIIF + VIIIG
+ MiXW for metal/metalloid type, 2
where A, B, C, D, E, F, and G are atomic fractions,
A+B+C+D+E+F+G=1, and MiX=1. The VECs for 83
kinds of ternary and 17 kinds of quaternary Pd-, Zr-, Fe-,
Ni-, Co-, Cu-, Mg-, Ti-, Hf-, Au-, Pt-, La-, and Be-based
glassy alloys have been calculated using electron valences of
35 kinds of their constituent elements. We also selected glass
transition temperature Tg as an intrinsic parameter for ther-
mal stability of the glassy alloys. The data used in this study
have been taken from literatures13 on 100 kinds of glassy
alloys with Tg and compositions. After we assigned the elec-
tron valence from 1 to 15 for s, p, d, and f orbits in all
elements, taking multiple orbital electron hybridization into
consideration, based on the standard method of least squares,
we repeatedly calculated up until we can obtain the best lin-
earity for the correlation between Tg and VEC. The best re-
sult is shown in Fig. 1 for metal/metal and metal/metalloid
bonding types. Both types of alloy groups show fairly good
linearity, r=0.913 and 0.906, respectively. The metallic va-
lence for all elements used in this study is shown in Table I,
in Periodic Table format with four kinds of
s-, p-, d-, and f-electron blocks. Cooper14 has classified allaElectronic mail: fukuhara@imr.tohoku.ac.jp
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elements in the Periodic Table into four kinds of s-, p-, d-,
and f-electron blocks: the s block includes the Ia and IIa
group elements, the p includes the IIIb, IVb, Vb, VIb, VIIb,
and 0 group elements, the d includes the IIIa, IVa, Va, VIa,
VIIa, VIIIa, Ib, and IIb group elements, and the f includes
the lanthanide and actinide group elements so that we re-
ferred to his proposal for classification of elements in Table I.
Although Al and Pb belong to the p-electron block, they
were treated as 100 at. % metallic/metallic and 50 at. %
metallic/50 at. % metalloid elements, respectively.
To certify the application of VEC for the electronic rule
associated with thermodynamic stability of glassy alloys, i.e.,
reliability of metallic valences in Table I, we here calculated
the stability for anionic clusters by an excess amount of elec-
trons transferring from inner orbital d or f electrons, in com-
parison with the stability for a neutral one.15 Since it is very
difficult to calculate precisely the stability of polyhedral
clusters constituting of glassy alloys at the present time, we
chose magnesium-based glassy alloys as a representative
glassy alloy. In the Mg–Ni–Nd, Mg–Cu–Sn, and Mg–Cu–Y
systems, it is anticipated that anionic magnesium clusters16
are formed by electron transfer from Ni, Nd, Sn, and Y ele-
ments. Ab initio molecular orbital calculations for the ionic
clusters were performed using the GAUSSIAN03 software
package.17 Geometry was fully optimized at the two CBS-
QB3 Ref. 18 and G2B3 levels,19 which are modified ver-
sions of Complete Basis Set and Gaussian-3 G3 methods
for computing very accurate energies, respectively. The op-
timized structures were confirmed as minimum to have no
imaginary frequency at the harmonic approximation. Al-
though electronic binding energies20 and metallic behavior21
of anionic magnesium clusters have been studied using the
FIG. 1. Relationship between Tg and VEC for 100 kinds of glassy alloys:
open and solid circles present metal/metal and metal/metalloid bonding
types, respectively.
TABLE I. Electron valence for elements used in this study. Light yellow, light green, light pink, and light blue are s-, p-, d-, and
f-electron blocks.
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gradient-corrected density functional theory and in view of
photoelectron spectra, respectively, their study aims are dif-
ferent from ours.
In Table I, our definitive valence for Mg is 2.4. This
value means that the magnesium atom is partially charged.
We then calculated monoanion Mg3
− average valence is
2.33 and Mg4
− clusters average valence is 2.25 taking elec-
tron transfer from other constituent elements into consider-
ation. The initial structure for optimization is a part of crys-
talline magnesium. Mg3
− has a three-membered ring structure
D3h, while for Mg4
−
, two types of structure are possible,
four-membered ring and tetrahedron. Full optimization of
Mg4
− gives tetrahedron C3v as an equilibrium structure.
Comparing the optimized structures between neutral cluster
and the monoanion, magnesium-magnesium bond lengths of
the monoanion are shortened: 0.3475 0.3475 nm at the
CBS-QB3 G3B3 level for neutral Mg3 and 0.3140
0.3145 nm for monoanion Mg3−; 0.3165 0.3178 nm for
neutral Mg4, and 0.3127 0.3140 nm for monoanion Mg4
−
.
The energy difference between the neutral cluster and the
monoanion indicates that the monoanion is more stable than
the neutral clusters by 264 283 meV/at. for Mg3 and 286
233 meV/at. for Mg4 at the CBS-QB3 G3B3 level, re-
spectively. We thus can conclude that the increase in the
valence of magnesium stabilizes the cluster structures and
affirms positively the application of VEC for the electronic
rule associated with the stability of glassy alloys.
As can be seen from Fig. 1, Tg K can be expressed as
Tg = 131VEC = 57
r = 0.913 for metal/metal bonding type, 3
Tg = − 236VEC = 2375
r = 0.906 for metal/metalloid bonding type. 4
For metal/metal-type glassy alloys, a positive slope means
that the thermal stability of the glassy alloys increases with
increasing of the valence. On the other hand, for metal/
metalloid-type metallic glasses, an increase in VEC, i.e., an
increase in the amount of metalloid elements, indicates a
decrease in glass stability. Thus, the stable regions for for-
mation of the glassy phase would be 2.6VEC5.3 and
VEC8.8 for metallic- and metalloid-type metallic
glasses, respectively. The most optimum condition for for-
mation of the glassy alloys with the highest Tg would be
VEC6. This means that transition metal elements with
higher valence e.g., group VIII and Ib elements are the
most desirable ones for the formation of glassy alloys with
higher Tg. In addition, it is empirically confirmed that the
inorganic compound of transition metals is stable when
VEC8.8.11
In Table I, the valences are somewhat larger than those
based on crystalline metallic valence bond theory.22 This
suggests that the many free electrons containing d or f elec-
trons in addition to s and p ones play a definitive role for the
formation of glassy alloys. Thus, the resonance bonding of
the glassy alloys could be caused by spd or spf hybridiza-
tion. As corroborating evidence, indeed, x-ray photoelectron
spectroscopy analysis23 of glassy alloy Zr55Al10Cu30Ni5 sug-
gested that stabilization in the glass phase is derived from
formation of a pseudogap below Fermi energy EF due to spd
hybridization. When periodicity in transition metal elements
increases, it is expected that the width of the d band in-
creases and consequently promotes spd hybridization.
This letter makes a clear electronic contribution for ther-
mal stability of most of all the glassy alloys. The primitive
study in this letter will lead to glassy alloy bonding theory
that Pauling has not assumed. It also provides some guide-
lines for the selection of glass forming compositions prevent-
ing the formation of crystalline phases and alloy design of
promising glassy alloys with functional properties such as
electronics, optics, and chemical catalyses.5 Further work in
this interesting area is called for.
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